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Abstract

This paper is devoted to a two-dimensional numerical study of the influence of surface roughness on the cross-flow around
a Counter-Rotating Cylinder. The surface roughness consists of irregular notches periodically distributed on the cylinder
surface. The roughness was varied using different notch patterns and heights. The roughness patterns were tested on
the cylinder. It was investigated approximately using two-dimensional block with average height and different shapes
periodically distributed on a smooth cylinder. The influence of the roughness on the drag coefficient, stagnation point
pattern and location of separation point was studied numerically over the range of Reynolds numbers 2.0 x 103 < Re <
4.2 x 104 at rotating speed 400 rpm. In the Counter-Rotating Cylinder with roughness, no as well as different observed on
drag coefficient prediction compared with previously published. However, the stagnation point and separation point on
roughness cylinder is quite difference between a smooth cylinder.
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1. Introduction

In recent years, Long-Span Suspension Bridges and Cable-
Stayed Bridges have been widely constructed worldwide
due to their superior structural performance and elegant
appearance. As key components of Cable-Stayed Bridges,
inclined cables often vibrate under Wind, Rain and Traffic
loads, such as the Vortex-Induced Vibration (VIV)!3141920
and Rain-Wind Induced Vibration (RWIV)Y. Although
the VIV of the cable is a self-limiting vibration, it
frequently occurs at lower wind speeds®. observed the
VIVs of cables on the Fred Hartman Bridge in Houston,
Texas, USA through a long full-scale measurement
investigation. Frequent wind-induced vibration may
induce fatigue damages to the cables, and mitigation is
necessary to reduce the vibration.

Viscous damper devices have been widely used to
control the VIVs and RWIVs of the stay cables of Cable-
Stayed Bridges'?, obtained an additional optimal damping
ratio to the stay cable provided by the Viscous damper®,
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employed an active stiffness control method to suppress
the RWIVs of prototype stay cables'. Investigated the
theory, algorithm and model test of the semi-active
control of stay cables wind induced vibrations using
magnet or heological fluid dampers, which can effectively
reduce the cable vibrations and increase the stay cables
system damping ratios.

The control mechanisms of each type of damper
device provided additional damping ratios to the stay
cables and increased their ability to resist wind-induced
vibrations, but the methods did not change or reduce the
wind loads on the stay cables. Aerodynamic methods,
including passive and active approaches, can be used
to reduce the wind loads on the stay cables. They can
simultaneously increase the natural damping ratios of
the stay cables at certain times® proposed the use of
protuberances to suppress the RWIVs of stay cables. Gu’
conducted wind tunnel tests using double-spiral wires to
mitigate vibration' attached hemispherical bumps to the
circular cylinder surface to control the vortex-induced
vibration amplitudes of the cable models.
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Many active aerodynamic approaches were also used
to control the flow separation and flow-induced vibration.
Wu et al*® developed a moving-wall, e.g, appropriate
travelling transverse wave, control strategy to manage
the unsteady separated flow over a circular cylinder. This
method allows the global flow to remain attached when
there is a strong adverse pressure gradient and eliminates
vortex shedding. Patnaik and Wei'¢ investigated the use of
momentum injection to control the flow field around the
airfoils, flat plates, rectangular prisms, D-section prisms
and circular cylinders; the authors found that this method
could effectively resist the wind-induced vortex and
galloping instabilities. Grager et al’ used a dynamic burst
control plate to suppress stall on an airfoil by preventing
the low-reynolds-number leading edge separation bubble
from bursting.

Suction flow controls were also widely used to suppress
the flow separation of airfoils*** and circular cylinders®”
by tests or CFD numerical simulations. In airfoils system,
the moving surfaces are provided by rotating cylinders
located at the leading edge or trailing edge as well as
at the top surface of an airfoil. It has been shown that
this mechanism of moving surfaces can prevent flow
separation by retarding the initial growth of the boundary
layer, with important consequences for lift enhancement
and stall delay.

However, a circular cylinder has large dynamic drag
resulting from the separation of flow over the cylinder.
To reduce the drag coeflicient of a circular cylinder, some
methods have been studied, such as a Cylinder with
Roughened Surface, and so on. However, it is not easy to
obtain a roughened surface in the flow accumulate on the
Cylinder Surface'. Beside of this scenario, the current work
is to carry out well-resolved CFD simulations of the flow
past two-dimensional rotating cylinder with roughness.
The flow past a circular cylinder produces several flow
features associated with more complex geometries. The
geometries used in this work have difference of stagnation
and separation point followed by rotating sped 400rpm
and the range of Reynolds number 2.0 x 10> < Re < 4.2
x 10*. The focus is on identifying changes in stagnation
point and separation flow in respect of maximum counter-
rotation and high roughness on cylinder.

2. Methodology

2.1 Roughness Profile

Figure 1 shows a cylinder with degrees of surface
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roughness are prepared. To obtain a rough medium, the
surface of the cylinder was covered with sandpaper. For
a smooth medium, a cylinder was polished to a 5 micron
surface finish such that the blockage and end effect (two-
dimensional) on the flow pattern will be minimum and
it was set up in a wind tunnel. However, the roughness
was obtained by placing various shaped irregularities at
intermittent locations on a smooth Cylindrical Surface.

Figure 1. Cylinder with roughness.

An IF-Profiler (Alicona IF-Profiler) was used to
measure the surface roughness of the sandpaper. The
value of the surface roughness was dependent on the scale
of measurement. Furthermore, the concept of roughness
had statistical implications as it took into account such
factors as sample size and sampling interval. Three
measurements were taken at three different spots on each
strip of sandpaper and the average of these three readings
was taken as the roughness value for each strip. The
IF-Profiler was used to determine the average surface
roughness (R, in um) of the samples. The results from
the IF-Profiler were used to calculate the average surface
roughness according to Equation 1.

1 L
Ra:zj; | z(x) x (1)

Where L denotes the evaluation length, z the height
and x the distance along the measurement.

2.2 Computational Set-up

The simulation process began with the creation of a
cylinder with varying degrees of roughness by means
of the ABAQUS software and the importation of the
IGES file through the Gambit pre-processor, Figure 2.
Following that, the complete cylinder model with wind
tunnel was drawn. The next step involved the generation
of the computational grid of a cylinder with roughness,
where the size of the computational model was one third
that of the real model used in the experiment. The selected
surface and volume of the model were then meshed before
the initial boundary specified the continuum types. The
model was then exported into the FLUENT solver in an
‘msh’ format.
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Figure 2. Flow chart CFD and numerical procedures.
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The next step in the FLUENT was to define the
solver, viscous and energy model of the study and the
material properties which then set values that closely
resembled the experimental conditions. Then, the
boundary condition values, that were the same as the
values used in the experiment, were fixed. To simplify
the calculation process, the solution controls had to be
adjusted by ascertaining the under-relaxation factors and
discretization. In the case of rotating cylinder, the rotation
velocity was prescribed on the cylinder wall. The value of
non-rotation and rotation rate is defined on the moving
cylinder wall in range 400 rpm. Before the iteration of
the whole modelling started, the number of iterations
had to be fixed. Once the iteration was completed and a
converged solution had been achieved, the results were
displayed and analysis of the post-processing tasks could
be carried out.

The computational method involved the use of
basic leading equations to model the problem domain.
The physics of the flow was solved by the application of
continuity and momentum equations. A commercial
computational fluid dynamics package known as FLUENT
was used to simulate the flow over a rotating cylinder
with various degrees of surface roughness. The geometry
of the cylinder was assigned a R_value to denote the
surface roughness. The surface roughness of the cylinder
was represented as a collection of tiny step function
profiles throughout its surface based on a simulation of
the actual cylinder surface profile, as can be seen in Figure
3. However, this method was restricted in the sense that it
could not model the ‘Finer Irregularities’ on the surface of
the cylinder. One way to bypass this limitation was to get
an estimation of the actual rough surface on the geometry
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by using the average height (R ) of the irregular surface'.
The size of the irregular roughness was in micron meters

(um).

real rough surface (measured using Alicona [F-Profiler )

UPAWAS
|

Apprommation real rough

Figure 3. Principal schemes of roughness.

Simulations at various Reynolds number based on the
same cylinder configuration in the experimental set-up
are used to predict the forces around the rotating cylinder
(2.0x 10°< Re < 4.2 x 10*). With the cylinder centre at x =
y = 0, the simulation confirms -0.7<x/D<1.7 and -0.3<y/
D<0.3, where x and y denote respectively the stream wise
and transverse directions. At the velocity inlet on the left,
uniform inflow (Ui) enters and then exists via the pressure
outlet at the right, Figure 4. In the computational study,
steady incompressible RANS equations are solved using
implicit and segregated methods. The convective terms
and viscous terms are discretised by second order upwind
and central discretisation techniques respectively*. The
simple algorithm is used for coupling of the pressure and
velocity.
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onoylindzr |

=

Presure Outkt

[——2

Welosity Inlet

Wfall bourdary

Figure 4. Domain and grid mesh.

Several blocks comprise the flow domain with multiple
mesh densities to facilitate capture of local flow resolution
at large velocity gradients. Micron-sized spacing and
sizing is used in the design of the mesh points and surface
roughness profile respectively, interspersed along the
cylinder designed in ABAQUS software then converted
to gambit files. Commercial mesh generation package
GAMBIT is used in the mesh generation. The simulation
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is based on a typical structured mesh. The y + value near
the cylinder surface is close to 1 to capture the effect of
surface roughness.

The transported variable, v in the Spalart-Allmaras
model was exactly the same as the turbulent kinematic
viscosity except in the near-wall (viscous-affected) area.
According to FLUENT?, the transport equation for V is:

%fp@dv+fp<l><afﬁg)dA :fFV@dA+fS¢dV )
)4 dv dv \4

Where G, is the production of Turbulent Viscosity
and Y is the destruction of Turbulent Viscosity that
takes place in the near-wall area because of wall blocking
and viscous damping, and C are constants, v is the
molecular kinematic viscosity, S, is a user-defined source
term, and p is the Dynamic Viscosity. The Turbulent
Viscosity was calculated from

lu’t = pi}fyl (3)

Where f is viscous damping function, which was
expressed as
X3
L ey @

vl

Where CS Lis the modelled constant, and

X=

SRR

(5)

An integral form of the transport equation for a
general scalar (®) on an arbitrary control volume (V) for
a moving mesh is given as;

%qu>dv+qu>(a—ag)dA = [rvaeda+ [s,av (6)
Vv dv dv \4

Where  is the flow velocity vector, and s is the grid
velocity of the moving meshes. The first term on the left is
the time derivative term while the second term is the
convective term. Meanwhile, the first term on the right is
the diffusive term, while the second term is the source
term. The term T’ denotes the diffusion coefficient and S
denotes the source term (®). The term dV represents the
boundary of V and dA as the area of movement.

3. Results and Discussion

3.1 CFD versus Experiment
Figure 5 contains the results for Cylinder D, showing
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the variations in C, due to the change of Reynolds
number. Cylinder D measurements were taken in
non-rotating and rotating conditions, with surface
roughness. This particular set of parameters was selected
because Cylinder D had the most roughness applied to
the cylinder surface. Generally, in the non-rotating and
rotating cylinder the drag decreases abruptly when the
Re is increasing at Re < 1.0% and this is superseded by
steadily increased drag between 1.0* < Re < 1.4 x 10%
There is a final decreasing and tapering out for Re > 1.4
x 10* For 1.0* < Re < 1.4 x 10% C_ increases with higher
rotational speed. However, between 1.4 x 10* < Re < 2.0 x
10 there is a very minor effect on the drag coeflicients,
as it is assumed the inertial effects gain in dominance
and cancel out the vertical effects. Beyond Re > 2.0 x
10% increased rotational speed appears to reduce the
drag coefficients slightly, perhaps due to larger inertial
effects which cause a delay in flow separation behind the
cylinder, which has the result of decreasing the pressure
drag (and overall C ) on the cylinder. It is worthy of note
that at Re > 2.0x10* the C predicted by CFD collapses
into almost single data, regardless of rotational speed,
presumed caused by limitations in the turbulence model
and surface roughness modelling of the cylinder. The
present validation of measurements for Cylinder D show
overall agreement with the CFD analysis of the C for
rotating cylinders with surface roughness, the average
error being calculated at an acceptable level of < 10%.

O Exp-RO
1.4 —— Sim-RO
A Exp-R400
—— Sim - R400
1.2 4
o
O 40
0.8 4
~ A
0.6 A

T T T T T T T T
5000 10000 15000 20000 25000 30000 35000 40000
Re

Figure 5. C_ comparison for non-rotating and rotating
cylinder for Cylinder D, experimental versus CFD
simulation.

3.2 Velocity Profiles

The flow visualization was carried at Re < 2.0 x 10*
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and Re > 2.0 x 10* respectively. A noticeable at Figure
6 and Figure 7 was observed in stagnation point for
Counter-Rotating Cylinder with Roughness at 400rpm.
An estimated position of the flow from the upstream
stagnation point has been enlarging with a small contour
frame. The shape of the stagnation point for Re < 2.0 x
10* is skewed on the top direction when counter-rotating
speed is 400rpm. However, at Re > 2.0 x 10* case is showed
a complete parabolic shape of stagnation point. The
difference shape of stagnation point is effecting from the
high Counter-Rotating Speed (400 rpm) at low and high
Reynolds number. This phenomenon i.e. in stagnation
point occurring on the surface of rough cylinder is mainly
responsible for starting flow visualization through the
cylinders.

Stagnation point

Figure 6. Stagnation point for counter-rotating cylinder
with roughness at Low Reynolds number.

Stagnation point

Figure 7. Stagnation point for counter-rotating cylinder
with roughness at High Reynolds number.
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Figure 8 shows the separation point has been occurring
when the C_is unstable. The angle at which the separation
occurs is known as separation angle. The separation
point is observed has asymmetrical separation at upper
and lower surface. The vectors of velocity magnitude
for separation point at the upper zone has been enlarge
in Figure 8. Delay in separation process occurring on
the surface of the cylinder mainly responsible for the
reduction in drag coefficient of the Cylinders®.

Separation point

Figure 8. Separation point for counter-rotating cylinder
with roughness.

4. Conclusion

The effect on flow of a Counter-Rotating Circular Cylinder
with Surface Roughness has been investigated. Velocity
and the intrinsic nature of flow patterns are investigated
for a range of Reynolds number and speed of rotation.

The flow visualization show comparable behaviours
in the computational approaches. A two-dimensional
method is very predictive of turbulent flow, due to faster
convergence. However, the potential of the method has
not been fully investigated, as this study is restricted
to velocity magnitude and flow visualization. More
expansive studies, to include aerodynamics force, would
be beneficial in verifying the applicability of this method.

Surface Roughness causes a delay in flow separation
in the near-wake of a rotating cylinder, which decreases
pressure difference across the areas immediately in
front and behind the cylinder. From this the conclusion
reached is that drag coefficients are lower when there is
surface roughness.
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